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EFFECT OF LAYER-GRADED BOND COATS ON EDGE
STRESS CONCENTRATION AND OXIDATION BEHAVIOR
OF THERMAL BARRIER COATINGS

Dongming Zhu, Louis J. Ghosn, Robert A. Miller
NASA Lewis Research Center
21000 Brookpark Road, Cleveland, OH 44135

ABSTRACT

Thermal barrier coating (TBC) durability is closely related to design,
processing and microstructure tfe coatingsystems. Twoimportant
issues that must be considered during the design of a thermal barrier coating
are thermal expansion and modulus mismatch between the substrate and the
ceramic layer, and substrate oxidationmany cases, both dieseissues
may be best addressed throubk selection of an appropriat®nd coat
system. In this study, a low thermal expansion lagdr-gradedond coat
system, that consists of plasma-sprayed FeCoNiCrAl are@&CrAlY
coatings and a high velocity oxyfu@iVOF) sprayed FeCrAlYcoating, is
developed to minimizethe thermal stressesand provide oxidation
resistance. The thermakpansion and oxidation behavior thfe coating
system are also characterized, and the strain isolation effect lobrildeoat
system isanalyzedusing the finite elemenmethod (FEM). Experiments
and finite elementesults showthat the layer-gradethond coat system
possesses lowenterfacial stressespetter strain isolation anéxcellent
oxidation resistancehus significantly improving the coatingperformance
and durability.

I. INTRODUCTION

Ceramic thermal barrier coatings (TBC) have been develépeddvanced gas

turbine® 2 and diesel engine applicatioRs) to improveengine durability and fuel
efficiency. However, durability issues ofthese thermal barrier coatings under high
temperature cyclic conditions are still of major concern. The coating delamination failure is
closely related to thermal stresses in the coayrsjemsand oxidation obondcoats and

substratd®? . Coating shrinkage and through-thickness cracking resuitorg ceramic

sintering and creep at high temperatufds, will further accelerate the coating failure
process due tedgestressconcentration effects along the coating interfaces. The coating
reliability can be greatlymproved throughhe development of an appropriabt®nd coat

* Research Scientist, Ohio Aerospace Institute at NASA Lewis Research Center.
Keywords: Thermal barrier coatings, High temperature oxidation, Laser thermal graxjielwg,
Edge effect, Finite element method
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system. The bond coat system should not only be oxidation resistant, but also be tailored to
grade the thermaxpansion differences (provide strain isolation the ceramic coating)

and protect thesubstrate fronoxidation. Thus,the stress arisingrom thermal expansion

can be minimized anthterfacial strengthcan be maintained. The strain isolation provided

by a graded bond coat is especially beneficial for coating edges that exist due to component
geometry, or due to through-thickness cracking resulting freramic sintering andreep

at high temperatures. This layer-gradednd coat conceptwas proposed inearlier

work where thermafatigue testing of gradedbond coat systems showed improved

performancéll] . In the presenstudy,the thermalexpansion and oxidation behavior of a
low thermal expansion, three-layer-graded booatsystemare investigatedThis coating
system is comprised of plasma-sprayed FeCoNiCaAdlFeCrAlY coatings and a high
velocity oxyfuel (HVOF) sprayed FeCrAlYcoating, asshown in Figure 1The strain
isolation effect of thédbond coat systemand theinterfacial elasticstressesare analyzed
using dilatometry andhe finite elementmethod (FEM).The influence ofbond coat
thickness on coatingnterface delaminations is evaluatbdsed on thermal expansion
behavior of the TBC system and the ceramic/metal interface microstrabaraeterization
after thermal cycling experiments.

ZrO2-8wt%Y203

Low expansion FeCoNiCrAl

Plasma sprayed FeCrAlY

Dense HVOF FeCrA ]

Layer graded
bond coat system

4140 Steel

Fig.1 Schematic diagrashowing alayer-graded thermal barrier coatisgstemthat
consists of a plasma-sprayed 2r8%Y>03 top coat, and glasma-sprayed
FeCoNiCrAl, FeCrAlY and thin HVOF sprayed FeCrAlY bond coat system.

II. EXPERIMENTAL METHODS AND MATERIALS

The oxidation kinetics of air plasma-sprayed Fe-28Co0-24Ni-5Cr-4Al and Fe-25Cr-
5Al-0.5Y bondcoats were determined by thermogravimetric analffgzA) in flowing
air, usingthe free-standingpond coatcoupons (specimen dimensi@s.4x12.7x1 mm).
The oxidation kinetics 0#1140 steel were determined byGA for the uncoated4140
specimens, and by measurements of the oxide scale thicknesselsdimoss-sections of
the coated diameter 12.7 mm disk specimens, respectively.
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Thermal expansion experiments were carried out on free-standing ceramic and
bond coat materials in airsing adilatometersystem.Thermal expansion response of the
TBC system was conducted on the ceramic coatings attached to the substrate in high purity
argon using dilatometery, as shown in Figure 2. The specimen length wasr@5ahd a
platinum standard specimen was usedefsrence. Thehickness ofthe ceramic coating
was 1.5 mmand thicknesses dhe bondcoats were chosen &1-0.5 mm.The 4140
steel substratevas 12.7 mm in thickness to ensure significant bending during the
experiments.

Ceramic coating o)
Thermocouple
i =—=>\Water outlet
) —>» Gas outlet
Push Rods CO/&—= Water inlet
i
v s \ O] Gas inlet
N
(0]
Pt reference
0

Fig. 2 The dilatometer system used for the measurement of thermal exgastsaoor
of thermal barrier coating systems.

In order to investigate theondcoat type on edge crack initiatiamd propagation,
segmented thermal barriezoating systems (1.5 mmthick ceramic coating on
25.4x12.7x12.7 mm steel substrate with various bond coat thicknesses) were tested up to
50 cycles (5 minutdneating and 3ninute cooling) under laser thermal gradiegtlic
conditions. Beforeeach test, the ceramic coatwags segmented with a diamond saw, so
through-thicknessparallel notches were formed ithe ceramic coating. The coating
segmeniength (the spacing between notches) #rednotchwidth were approximately 5
mm and 0.28nm, respectively, ashown in Figure 3 (a)These notch edges near the
ceramic/bondcoat interfacewere used to simulatéhe coating sinteringsegmentation
induced edges. The segmented TBC specimens were then thermally cycled using a rotating
laser rig, withthe uniform laserbeam heating the entire ceramic coatisgrface. The
substrate backsidar coolingwas used teestablish the temperature gradieatsoss the
coating system. Duringthese teststhe maximum ceramic surface and back side metal
temperatures were maintained at abouf85ind 400C, respectively. The typical heating
and cooling temperature profiles are illustrated in Figure 3 (b).

NASA/TM—1998-208505 3
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Fig. 3 Laser thermal gradient cyclingxperiments of thermal barrier coatings. (a)
Segmented cerammoatingspecimen configuration fdaser testing(b) Typical

heating and cooling cyclder the thermal barrier coatingystems undelaser
thermal cycling conditions.
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lll. STRESS ANALYSIS PROCEDURE

The analytical procedure implemented in tiisdy isthe FiniteElement Methods
(FEM). Two-dimensional FEM meshes weageneratedor various specimen lengths and
various bond coat systems. A typical FEM mesh is shown in Fig(ag fér ahalf TBC
specimen length of 12.7 mm. The metal substrate is 12.7 mm high and the caamg
is around 1.5 mm. Two bonmbatlayers aresandwiched in betweeithe bond coat layer
thicknesses were ithe range 00.1 to 0.5 mm.The mesh consisted of @tal of 1024
eight-noded quadrilateral elements wi#201 nodes.The elementsizes decreased
approaching the free edge (the riglaind-side) as well ashe sandwiched bondoats to
capture the sharp stress gradients at these locations. A total of 32 unequal elements span the
length of thespecimen with a higher element densitythet free edgeWhile the steel
substrate is meshed by 16x32 layéng, ceramic coating is layer I8x32 elementsince
the ceramic coating is much smaller than the steel substrate. The twcoablagers have
4x32 elements each. The use of only four layergéahbond coat isdeemed appropriate
given the parabolic variation in displacement atreésses formulated ithe eight-noded
element used.

The numerical analyses were implementeth@/ABAQUS generalpurposefinite

code [*2l | Only elastic stress analyses were considered in this stddye material
propertiesassumed irthe analysesare given inTable 1. Inthis analysisthe stressfree
temperature is assumed to be at room temperature. The effect of the residublidtregs
from the plasma spraying dahe bond coatsystems isgnored. Forconstant temperature
simulations only a stress analysis is required, buth®through thickness simulations, a
steady state heatansfer analysis is required to determihe nodal temperature followed
by the elastic stress analysis. A typical mesh of the segmented TBC specshewiisin
Figure 4 (b).

Table 1 Physical and mechanical properties of the thermal barrier coating systems used in
the FEM stress calculatioHs!

Materials Properties Plasma Sprayed4140 steel Plasma Plasma
ZrO2-8wt%Y ,03 Sprayed Sprayed
FeCrAlY FeCoNiCrAl
Thermal Conductivity 0.9 46.7 11 11
k, W/m K
Thermal Expansion 10.8x107° | 14.2x107® | 125x107® | 110x107°
Coefficienta , m/m K
Density p, kg/mB 5236 7850 6500 6500
Heat Capacityc, J/kg K 582 456.4 575 575
Young's modulus E, GPa 27.6 207 137.9 100
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notch—;

edge —;

ceramic >

bond coat —>»

substrate —>

.

(@ (b)

Fig. 4 Typical FEM meshes used in the stress analysis. M mesh for dalf TBC
specimen length of 12.7 mm. (b) A FEM mesh fdra#f segment TBC specimdangth
of 2.5 mm.
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IV. RESULTS AND DISCUSSION

The air plasma-sprayed bondoats exhibited a complicated transient oxidation

behavior due to its relativelyigh porosity, as halseen reported previousl{ . Figure 5
showsthe Arrhenius plots ofapparent oxidation parabolic ratenstants othe plasma-
sprayed FeCoCrNiAl and FeCrAlY bombats. As compared the commonly used Ni-
36Cr-5Al-Y bondcoat, theFeCrAlY bondcoatshowed daster oxidationrate mainly at
the lower temperaturesThe FeCoCrNiAl showedthe fastest oxidation ratexX-ray
diffraction results suggestatiat theplasma sprayed FeCrAlMnd FeCoCrNiAl bond
coats sometimes can form non-protective Fe-containing oxides &iw oxidation
temperatures. Air plasma-sprayed FeCrAlY baodt couldnot effectively prevent the

4140steelsubstrates fronoxidation due to its relativeliigh porosity inthe coatingm .
However, the denser HVOF sprayed FeCrAlY bond coat provided a higher bond strength,
and showed better oxidation protectiorfor the substrate. Figure &hows typical
microstructures of the plasma-sprayed FeCrAlY bond coat after oxidation°& 82050

hours.

Figure 7 showghe experimentallymeasured thermal expansion behavior of the
free-standing ceramic coatingpnd coatand steel substrate materiaised inthe TBC

systems. As have been determined in an early &hd;he 4140 steel and ZpcB%Y203
ceramicpossesshe highest and thiwest thermal expansion coefficients, respectively,
while the air-plasma-sprayed FeCrAlY bondoat shows anintermediate thermal
expansion coefficient. The low thermal expansion bond coat and FeCrNiCoAl has a similar
coefficient of thermal expansion to the ceramic coating at temperatures befdv 600

Due tothe thermalexpansion mismatch ithe ceramic coating anslubstrate,
thermal stresseare generated in the coatirsystem undethermal cycling conditions.
Stressconcentrations near the coatirdges due tthe temperature change césad to
coating cracking and delamination along the ceramic/metal interfapsie 8 shows
typical stress distributionpredicted byFEM in thermal barrier coatingystemswith the
finite length specimen geometries undére condition ofuniform temperature variation
from 25 to 700C. Thestress distributionsear the coatingdges in this unifornmeating
case are characterized by the essentiatly low normalin-planestress componend,,,
the high normaltensile stress component,,, perpendicular to the interfaces asidear

stress component,, along the ceramic/boncbatand thebond coat/substrate interfaces.

The tensilestrength ofthe ceramic coatings variésom 30 to 50 MPathe large tensile
stress componend,, developed during the heating cycle near the coating edgebe an

important factor for coating delamination. The shear strength of the ceramic quatiigl

to the bond coat is approximately 10 to 14 Ml delamination cracks can also be easily
initiated at coating edges near the ceramic/bond coat interface where the highedtstear
gy Is expectedHowever, aswill be discussedater, the coatingshear delamination

becomes a predominant mechanism under thegnadient conditions, becauiee tensile
stress componerd,, near the coating edge can be significantly lowered or even be slightly

compressive fothe non-uniformheating case. Oxidation of th®nd coatand substrate
will complicate this process, and in general facilitate the coating delamination.

NASA/TM—1998-208505 7
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Fig. 5 Arrhenius plots of thparabolic rateconstants othe plasma sprayed bormbats
and the 4140 steel substrate. (ak/Jr(in mg?/cm?-sec) - 1/T relations fahe free
standing FeCoNiCrAl, FeCrAlY and NiICrAlY specimens by TGA
measurements; (b) Ik, (in cné/sec) - 1/T relation for 4140 steel specimens with
and without FeCrAlY bond coat by scale thickness measurements.
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Fig. 6 Typical microstructures ofthe plasma-sprayed FeCrAlY bondoat after
oxidation at 80€C. (a) Opticalmicograph ofthe coating section parallel to the
ceramic/bond coat interface; (b) Transmission eleatnamograph ofthe coating
showing the A#O3 scales grown on the FeCrAlY grains.
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Fig. 7 Experimentally measured thermal expansion behaviothef free-standing
ceramic coating, bond coat and substrate materials.

Oxidation resistant and thermal expansion-graded lomad systemscan help
minimize shear crack initiation and propagationitmproving the stress distributionsear
the interfaces and the interfaadhesionThe FEM calculationresults shown in Figure 8
demonstratehat thetwo layer-gradedoond coat systemcan reduce théoth shear and
tensile stress concentrations near the ceramic/metal interface, and shift thgesakvay
from the edgecompared with no bondoat oronly the FeCrAlY bond coat case. In
addition, with thetwo layer low expansion bondoatsystem,the overallstresslevels are
lowered and the high stress region is shifted to the bond coat/substrate interface.

The stress concentrations in TBgstemsarealso closelyrelated to théoond coat
thickness and specimen size. Figure 9 illustrtesnfluence of théond coat thickness
and the specimen length on shear stress distribution. For specimens of various lengths, the
edgestressconcentration increases with decreagwotgl bond coatthickness. In addition,
the high shear stress regions occupy a larger portitreateramic/metal interface area for
a shorter segmeiength,thusincreasing the trend to delaminate the coating bystear
mechanism near the interface.
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Fig. 8 FEM stress distributions in therntarrier coatingsystems undethe condition of
uniform temperature variatiofrom 25 to 700C. (a) Normal and shearstress
distributions of acoatingsystemwithout bondcoats;(b) Normaland sheastress
distributions of a coatingystemwith two layer bond coats; (c) Influence of the
bond coat type on edgshear stress distributions the ceramic coating at the
ceramic/bond coat interface.
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Fig. 8 (ContinuedFEM stresdistributions in thermal barrier coatirgystemsunder
the condition of uniform temperature variation from 25 to°@@a) Normal and
shear stress distributions of a coating system without bond coats; (b) Normal and
shear stress distributions ofcaating systemwith two layer bond coats; (c)
Influence of thebond coat type on edgshear stress distributions time ceramic
coating at the ceramic/bond coat interface.
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It hasbeen realized thadintering-segmentation-enhanced delamination can be an

important failure mechanism for a thermal barrier coating system during thermal a}cling

. The through-thickness cracks generated can create numerous datigeseiramic coating
systems. The modulus of the ceramic coating can also be significantly increased due to the
sintering densificatiorprocess. Figure 10 showtke shear stress distributions at the
ceramic/bond coat and the bond coat/substrate interfaces for two effective caaiuias

values (27.6 GPa and 100 GPa) to simullatedensification effect. It can lseenthat the

shear stresses at boifiterfaces increase with increasitige modulus ofthe ceramic
coating. The increased stress concentrations due to sintering and oxidatiobaidlceat

and substrate can further accelerate the coating delamipatioessThe densification and
oxidation processes in the coating systems increase the driving force for crack initiation and
propagation, and reduce the coataahesionThe gradedond coatsystems proposed in

this study can have beneficial effects in improving the coating performance.

In order toevaluate thestressconcentrations in sintering segmentation ceramic
coatings under thermal gradient heating conditions, FEM has been used tahwxs#iass
distributions ofthe segmented, through-thickness noggecimens described above. The
stress distributions for a ceramic, two layer bondtand 4140 substrate TB&y/stem are
illustrated in Figure 11. Since the notch width is wide enough, anstdEgsconcentration
effect similar to the free edge case described above are expected near the ceraowatbond
and the bond coat/substrate interfaces. However, under the present thermal gradient heating
and low interfacial temperatureonditions, a compressive (instead oteasile) stress
componento,, is developed. Therefore, in this case, shear induced cracking at the

interfaces becomes a major mechanism for delamination crack initiation.

Experimental work habeenperformed to confirnseveral aspects of the coating
edge effects predicted by the finite elemamalysis.The strain isolation of thbond coat
system was studied by measuring the displacemertite iberamic coating attached to the
substrate with various bongbat systems undethe condition ofuniform temperature
variation from 25 to 700C, and compared witthe FEM calculations. Theaesults are
shown in Figure 12. Figure 12 (a) shows the effect of bond coat type on strain isolation. A
lower thermal expansion bormbat gives abetter strain isolation effect. Bhould be
mentionedthat although the one-laydfeCoCrNiAl bondcoat appears to have the best
strain isolatiorfor the ceramic coating, it can generate significantly highiegsses at the
bond coat/steel substrate interface as compared with the other bond coat systems. Figure 12
(b) showsthe effect ofbond coat thickness on strain isolatiod.he improved strain
isolation effect by a thicker, multilayer, gradiednd coatsystem suggest r@ducedstress
concentration at the ceramic/bordat interface Although discrepanciesire observed
between the experimental data and FleM calculations, the strain isolation effects of the
various bond coats obtained by both methods are similar and consistent. It shooieldbe
that the FEM solutions did not consider any interfacial sliding and substrate plasticity or the
possibility of low coating modulus near the interface regions.
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Laser thermal cycling experiments of segmented thermal bayséemshave also
demonstrated that cracks are alwaysated at the coatingdges. As shown in Figure 13
(a), for athin single layei~eCrAlY bondcoat, the crack initiatednd propagated in the
ceramic coatings near the ceramic/beodt interfaceHowever, as shown in Figure 13
(b), for athick single layerFeCrAlY coating, delaminations wembserved at both the
ceramic/bondcoatand thebond coat/substrate interfaces. This is becathseincrease in
FeCrAlY bondcoatthicknesscan effectivelyshift the high stressconcentration region
from the ceramic/bondcoat interface to theébond coat/substrate interfacezor the
segmented specimenthe long delamination cracks were observed ntbar through-
thickness machined notch edges for the single layer bond coat systems, as shown in Figure
14 (a).The two-layer gradedond coat system in Figure 14 (b) showed a muwxttter
performance in resisting edgwack initiation and propagationnder thermalcycling
conditions at both the ceramic/boodatand thebond coat/substrate interfaces, due to the
improved bond coat strain isolation at both interfaces.

V. CONCLUDING REMARKS

A low thermal expansion anthyer-gradedbond coat system,that consists of
plasma-sprayed FeCoNiCrAl and FeCrAlY coatings and a Vedpcity oxyfuel(HVOF)
sprayed FeCrAlY coating, was developedfor minimizing the thermal stresses and
providing excellent oxidatiomresistance. Experimental results dimite element analysis
showthat the layer-gradetiond coat system possesses lowiaterfacial stressespetter
strain isolation and oxidation resistance in the thermal barrier caatstgm, whichwill
lead to improved coating performance and durability.
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(b)

Fig. 13 Edge crack initiation and propagation in sirlgjeer FeCrAlY bondcoatthermal
barrier coatingsystemsafter 50 laser thermal cycles. (Bpnd coat thickness
0.127 mm; (b) Bond coat thickness 0.5 mm.
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Fig. 14 Delaminatiorcrack initiation and propagation near tertical machined notch
edges forthe thermal barrier coatingystemsafter 50 laser thermal gradient
cycles. (a) Single laydfeCrAlY bondcoatthickness 0.12mm; (b) Two-layer
FeCoNIiCrAl - FeCrAlY bond coat total bormbatthickness 0.5 mnfeach layer
0.25 mm).
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